ABSTRACT: Previous studies have indicated that the sucking and pumping effects induced by surface sensible heating (SH) lead to vigorous ascent and moisture convergence over the southern Tibetan Plateau (TP), which is the primary cause of local precipitation formation. Numerical simulations with the Weather Research and Forecasting (WRF) model show that weak ascending motion and precipitation still exist over the southern slope of the TP when local surface SH is suppressed and that this precipitation is associated with microphysical processes. Suppressed surface heating induces a significant cold anomaly near the surface, which reduces the saturation-specific humidity but increases relative humidity. The process of the phase change of moisture results in the formation of obvious microphysical large-scale precipitation. Moreover, latent heating is released due to microphysical condensation corresponding with the phase change process, which further leads to a weak ascending and convective precipitation over the southern slope of the TP. Thus, local precipitation over the slope when surface heating is suppressed results directly from large-scale condensation precipitation and indirectly from the convective precipitation induced by the microphysical processes of moisture phase change, instead of the sucking and pumping effects due to the surface heating of the TP.
Introduction
The Tibetan Plateau (TP) exerts a significant impact on the weather and climate over many places in the world through its mechanical and thermodynamic effects (e.g. Ye and Gao, 1979; Huang, 1985; Kitoh, 1997 Kitoh, , 2004 Liu et al., 2007; Song et al., 2010; Wang et al., 2014b; Zhu et al., 2015) . In the previous studies, the TP has always been regarded as a large-scale barrier over eastern Eurasia and, an important external forcing for the subtropical westerlies in winter (e.g. Charney and Eliassen, 1949; Bolin, 1950; Yeh, 1950; Chen and Trenberth, 1988) . The mechanical effect of the TP induces airflow to be either deflected to produce encircling flow or lifted to produce climbing flow (Queney, 1948; Wu, 2004) . In addition to the mechanical forcing effect, the TP is also a huge heat source in summer (Koo and Yeh, 1955; Flohn, 1957; Yeh et al., 1957) .
Nonlinear theoretical analysis has revealed that there exists a critical topography height (approximately 1 km) with regards to the planetary-scale response of atmospheric flow forced by the mechanical effect of mountains * Correspondence to: A. Duan, National Key Laboratory of Atmospheric Sciences and Geophysical Fluid Dynamics, Institute of Atmospheric Physics, Chinese Academy of Sciences, No. 40 West Beichen Road, Beijing 100029, China. E-mail: amduan@lasg.iap.ac.cn (Wu, 1984; Trenberth and Chen, 1988) . If the topography is lower than the critical height, the airflow impinging upon the mountain will largely turn into climbing flow; otherwise, it will turn into encircling flow. While the elevation of the TP is far above 1 km, therefore atmospheric flow transporting to the TP mainly moves around the plateau. However, the characteristics of the encircling or climbing flow are also associated with surface thermal conditions. Atmospheric flow usually climbs the topography higher than the theoretical critical height more easily when a surface heating effect exists, as over the southern slope of the TP, where strong surface sensible heating (SH) appears in spring and summer when tropical flow climbs up the Himalayas.
From winter to summer, surface SH increases rapidly, due to strong solar radiation over the TP (Ye and Gao, 1979) . The effect of elevated plateau heating plays an important role in the evolution of the Asian summer monsoon, which has been widely investigated (e.g. Yanai et al., 1992; Zhao and Chen, 2001; Hsu and Liu, 2003; Duan and Wu, 2005; Liu et al., 2007; Wu et al., 2007) . Because of enhanced surface SH, the air over the TP ascends and drives movement of the surrounding low-level moist airflow, which converges intensely towards the TP. In summer, abundant low-level tropical airflow converges northward to the southern slope of the TP where elevated surface SH is remarkable. Consequently, the sucking and pumping effects favour heavy rainfall over the TP's southern slope, i.e. the Himalayas (Figure 2(a) ).
Studies with atmospheric general circulation models (AGCMs) have shown that once surface heating is suppressed over sloping areas, surrounding moist low-level airflow moves towards the topography on the same isentropic surface and does not climb up the plateau. Instead, airflow is deflected around the mountains and basically no ascending motion or precipitation is generated over the TP (He, 2012; Wu et al., 2012) . However, based on a high-resolution regional model, it is found that there is still weak ascending motion and light precipitation over the TP's southern slope, even when surface heating is suppressed. This calls into question how precipitation is generated; specifically, whether there is any other factor beside the thermal pumping effect that can induce local precipitation. In this study, the physical mechanism for the formation of this kind of precipitation is investigated by conducting experiments with the Weather Research and Forecasting (WRF) model.
The remainder of this manuscript is organized as follows. In Section 2, the model and experimental designs are briefly described. Section 3 presents the simulated results and investigates the physical mechanism for precipitation formation over the southern slope of the TP where surface heating is suppressed. Finally, a summary and a further discussion are provided in Section 4.
Model and experimental design
The WRF model version 3.4.1 (Skamarock et al., 2008) is used in this study. This model has been employed previously as a regional climate model to simulate the variations of the summer monsoon (e.g. Kim and Hong, 2010; Yang et al., 2011; Wang et al., 2014a) . Compared with AGCMs, the WRF has a higher resolution that represents topography and land surface processes more accurately. It is a useful tool in the study of weather and climate over the TP. The physical packages of WRF used in this study include the WRF Single-Moment 6-Class (WSM6) microphysics scheme (Hong and Lim, 2006) , the Grell-Devenyi (GD) convective scheme (Grell and Devenyi, 2002) , the Noah land surface model (Chen and Dudhia, 2001) , the BouLac planetary boundary layer (PBL) scheme (Bougeault and Lacarrère, 1989) , the Goddard shortwave scheme (Chou and Suarez, 1999) , and the Rapid Radiative Transfer Model (RRTM) for longwave radiation (Mlawer et al., 1997) . the sea surface temperature (SST) forcing data set is the Optimum Interpolation SST (Reynolds et al., 2007) from National Oceanic and Atmospheric Administration (NOAA), which is updated daily.
Three ensemble experiments were performed, and each had six summers (2003) (2004) (2005) (2006) (2007) (2008) with the initial modelling conditions at 0000 UTC May 1. The model was integrated for 4 months (i.e. every experiment ends at 1800 UTC August 31), and the output during the last 3 months (June-August, JJA) was analysed. Table 1 shows the details of the experimental design. In addition to the control run (CTL), a sensitive experiment (TPSL_NS) was used to remove the surface heating over the southern slope of the TP. To illustrate the physical process for precipitation formation, another sensitive experiment (TPSL_NS_NMP) was designed on the basis of TPSL_NS, where the heating associated with microphysical process over the sloping region was simultaneously closed. The TP's southern slope is defined as the area between 70 ∘ E and 105 ∘ E where topography is above 300 m and below the maximum elevations at each particular longitude. Figure 1 gives the SH over the TP and the adjacent areas in the CTL and TPSL_NS experiments. The surface heating in TPSL_NS was suppressed over the prescribed southern slope. In detail, it was achieved by setting the surface SH released into the atmosphere to zero at each time-step and each grid over the experimental region, while land surface energy balance was maintained. As such, SH is still computed by the land model at each time-step and allowed to influence land surface temperature.
Results

Cause of precipitation formation
The sucking and pumping effects induced by the intensified surface SH associated with the seasonal transition from winter to summer drive the moist monsoon flow to converge towards the TP. Particularly, along the Himalayas, where airflow climbs up the TP due to the elevated slope thermal forcing, there is a moisture convergence centre and a heavy rainfall band (Figure 2 cause of the formation of precipitation over the TP (Wu et al., 2012) . However, it is interesting to see that there is still weak precipitation generated over the southern slope of the TP when surface heating is suppressed (Figure 2(c) ). Furthermore, a small branch of upward motion appears over the top of the mountain above the 700-hPa level (Figure 3(d) ), which corresponds to the area of precipitation. Upward motion usually should result in convective rainfall. Then, is this precipitation over the TP's southern slope induced by the upward motion? Generally, total precipitation is comprised of two parts. One part results from cloud microphysical process associated with the phase transition of atmospheric water vapour. Precipitation is then condensed under the condition of stable stratification, and is usually called large-scale precipitation. The other part is due to convective activities accompanied by obvious upward motion; precipitation occurs under the condition of vertical instability and is called convective precipitation. Based on the simulated results of the TPSL_NS experiment, the total summer precipitation is divided into large-scale and convective precipitations. Under the condition of no surface heating, convective precipitation is relatively weak over the southern slope of the TP (Figure 2(e) ), while large-scale precipitation is dominant (approximately 62% of total precipitation) between longitudes 80 ∘ E and 95 ∘ E (Figure 2(d) ). Consequently, the precipitation over the slope mainly comes from microphysical processes associated with phase transition. The responsible physical mechanism will be discussed further.
Thermal forcing over the TP can induce atmospheric ascent, because large-scale atmospheric potential temperature ( ) increases with height (Wu et al., 2012) . According to the steady-state thermodynamic equation
where − → V , , and Q are the air velocity, potential temperature, and diabatic heating, respectively. In the CTL experiment, surface heating exists on the southern slope of the TP (Q >0), and isentropic lines appear in concave manner downward near the sloping surface (Figure 3(a) ). Air parcels move northward along the isentropic surface, which should penetrate the isentropic surface and ascend upon arrival at the sloping topography. As a result, the low-level moist air is lifted up to the higher ground of the southern slope, accompanied by a strong upward motion and heavy rainfall (Figures 3(c) and 2(b) ). However, in the no surface heating experiment (TPSL_NS), the isentropic lines become straight near the sloping surface (Figure 3(b) ), and the low-level moist air parcel moving and impinging on the slope must remain on the same isentropic surface. Under these conditions, the air parcel is deflected around the TP without ascending motion, and no obvious convective precipitation is generated over the southern slope of the TP (Figure 2(e) ). Both theoretical analysis (Wu, 1984) and an ideal experiment (Wang, 2005; Wu et al., 2007) have also indicated that airflow cannot climb a high mountain if there is no external forcing, such as surface heating, over the topography.
On the other hand, once surface heating on the southern slope of the TP is suppressed, the atmosphere above the sloping surface cannot be heated. Contrary to the CTL experiment, there exists a significant cooling centre in the TPSL_NS experiment, particularly near the surface of the top slope (Figure 3(b) ). When the air parcel moves along the isentropic surface and arrives at the sloping surface, the environmental temperature decreases suddenly. Then, the saturation-specific humidity (q s ) decreases, but the specific humidity (q) of the travelling air parcel remains unchanged. Thus, the relative humidity (RH = q/q s ) increases. Figure 3(b) shows that an independently enhanced relative humidity appears over the area of the top slope corresponding to the cold centre. Consequently, a phase transition process of water vapour is prompted, which generates significant large-scale precipitation over the sloping region (Figure 2(d) ). In addition, the phase change in microphysical processes also leads to the release of condensational latent heat. As shown in Figure 4 , the condensational latent heating corresponding with microphysical processes is prominent over the top slope of the TP (especially near the surface), while convective latent heating is relatively weak. Based on the above results, it is inferred that the possible cause for the weak ascension over the top slope of the TP (Figure 3(d) ) where no surface heating exists, is the thermal forcing of latent heating from the microphysical processes.
Effect of microphysical processes
To verify the above results, another sensitive experiment (TPSL_NS_NMP) was designed. Except for suppressing surface heating, all phase transition processes in the Z. WANG et al. WSM6 microphysical scheme of the WRF model were closed over the region of the southern slope of the TP in this experiment. Namely, the water vapour (Qv) in the atmosphere will not change into rain water (Qr), cloud water (Qc), ice water (Qi), snow (Qs), or graupel (Qg). Figure 5 (a) and (b) illustrate the different types of summer precipitation in the TPSL_NS_NMP. Clearly, the closed phase transition process induces no large-scale precipitation (corresponding with phase transition in microphysical processes) over the TP's southern slope. Furthermore, the convective precipitation that appears in the TPSL_NS experiment is also suppressed (Figure 5(b) ), indicating that the microphysical process of phase change has a possible indirect impact on weak convective precipitation over the southern slope of the TP. As mentioned above (Section of 3.1), the microphysical phase change process can produce significant condensational latent heat over the slope (Figure 4(b) ). After turning off the phase change process in the microphysical scheme, atmospheric heating from this process ceases ( Figure 5 (e)). Therefore, the sensitivity experiment of TPSL_NS_NMP reveals that the existing precipitation and ascending motion over the no-heating sloping surface are primarily induced by microphysical processes. The majority of rainfall results from large-scale condensation precipitation corresponding with microphysical phase change processes, and the residual minor part is a result of convective precipitation that is also caused indirectly by microphysical processes.
Summary and discussion
This numerical study with the WRF model reveals that there is still slight precipitation and weak ascending motion over the southern slope of the TP when surface heating is suppressed. Three ensemble experiments have been conducted to investigate the associated physical mechanisms. Figure 6 provides a schematic diagram that illustrates the mechanism for precipitation formation over the slope. The simulated results indicate that this part of precipitation is induced mainly by microphysical processes. Suppressed sloping surface heating leads to a significant cold anomaly near the surface of the TP's southern slope, which reduces the saturation-specific humidity while increases relative humidity. The phase transition process of water vapour results in the formation of microphysical large-scale precipitation. Moreover, condensational latent heat is released due to the microphysical condensation in the phase transition process, which leads to a weak rising motion and convective rainfall over the southern slope of the TP. Thus, when local surface heating is suppressed, precipitation on the southern slope comes from both microphysical large-scale rainfall (directly) and convective rainfall induced by microphysical processes (indirectly). The sucking and pumping effects induced by the surface SH over the TP lead to vigorous ascent and moisture convergence, which is the primary cause of the formation of precipitation observed in monsoon season. In particular, the sloping lateral surface heating over the southern TP is the major driver of moist air pumping (Wu et al., 2007) , and thereby a heavy rain band is located along the Himalayas. This study has shown that the precipitation generated over the slope in the WRF model is actually caused by the low environmental air temperature, corresponding to the suppressed surface heating, instead of the sucking and pumping effects of the TP. This result has important implications for detecting the weather and climate responses to uplifted topography through numerical simulations, especially for studies of thermal forcing of mountains. The possible reasons for no precipitation formation with suppressed surface heating over the TP shown in previous studies using AGCMs (He, 2012; Wu et al., 2012) are coarse resolution or the specific physical schemes in AGCMs. On the other hand, moisture transport from tropical oceans certainly influences the variation of summer precipitation over the TP (Feng and Zhou, 2012; Zhuo et al., 2012) . As mentioned, thermal forcing is the major driver of moisture flux convergence over the TP. If
